In this paper, microwave emission data collected with the multi-channel radiometer AMSR-E in 2002AMSR-E in -2004 on some test sites, have been related to surface features obtained from ground information and cartography. The areas, selected in different climatic regions of the world, are characterized by various meteorological conditions and vegetation covers, from tundra to dense forests. In general, the analysis pointed out the capability of the multi-temporal and multi-frequency microwave radiometers in the global scale monitoring of soil moisture as well as snow and vegetation covers, in the limits of the spatial resolution offered by this sensor. An algorithm based on a Neural Network has been implemented, tested with experimental data collected during SMEX02, and used to generate global maps of soil moisture. Keywords: microwave emission, snow cover, soil moisture maps 
Introduction
Microwave radiometry can play a significant role in global monitoring of geophysical parameters and in particular in estimating soil moisture, snow cover and vegetation biomass. Indeed, theoretical and experimental investigations have revealed a significant sensitivity of brightness temperature to certain land surface features such as soil moisture [Jackson and Schmugge, 1989; Jackson and Schmugge, 1991; Paloscia et al., 2001 ], snow cover [Kelly et al., 2003; Macelloni et al., 2005] , crops [Ferrazzoli et al., 1992; Jackson and O'Neill, 1990; Pampaloni and Paloscia, 1986] and forest [Ferrazzoli and Guerriero, 1996; biomass, which are of great interest in hydrology, meteorology, climatology and agriculture. However, depending on the objective to be pursued, this technique may request some auxiliary information. For instance, if the target is soil moisture, it is necessary to separate those areas where the measurement can be problematic or impossible due to the high attenuation of dense vegetation and snow cover, and to correct for the effects of light vegetation where the measurement is possible. In many cases, the use of multi-frequency radiometry can provide itself a separation of bare soil from vegetation and snow. The Advanced Microwave Scanning Radiometer (AMSR-E), which is a multi-frequency dual polarized radiometer, was already successfully exploited for global and regional investigations of the land surface features and their temporal changes [Kelly et al., 2003; Njoku et al., 2003; Paloscia et al., 2006] . The objective of this work was to characterize land surfaces and estimate soil moisture on a global scale by using multi-frequency multi-temporal observations from AMSR-E. The brightness temperature, and its combinations of polarizations and frequencies, was related to land features, obtained from ground information and cartography, and their temporal evolution. These parameters were used in an algorithm to retrieve soil moisture in different climatic regions of the world.
The AMSR-E data
The AMSR-E is a dual polarized microwave radiometer with frequency channels at 6.9, 10.6, 18.7, 23.8, 36.5 and 89 GHz. The instrument, developed for NASA by the Japan Aerospace Exploration Agency (JAXA), was launched in May 2002 on NASA's Aqua satellite to provide observations of several geophysical parameters of interest to hydrology, ecology and climate [Kawanishi et al., 2003 ]. The analysis was carried out using AMSR-E data from June 2002 to June 2003. All groups of data were averaged over a our-day period. The atmospheric contribution to the measured brightness temperature, which may have important effects especially at the higher frequencies, was taken into account by developing a correction procedure for cloud free conditions, based on a direct inversion of the radiative transfer equation [Ulaby et al., 1981] . The necessary parameters (e.g. atmospheric opacity, surface reflectivity and tempeature) were derived both from direct measurements and empirical estimates [Santi, 2004] . The selection of cloud free pixels for the considered test sites was carried out by means of Meteosat IR1 images (http://infomet.am.ub.es/infomet/arxiu/meteosat/). A further check for the presence of precipitation was performed using the standard algorithms suggested in the SSM/I User's Guide and in the scientific literature [Hollinger et al., 1987; Neale et al., 1990] . The analysis was based on the following microwave parameters: In general, it is convenient to reduce the effects of surface temperature variations by normalizing the microwave brightness temperature. In this case, the normalization was done by using a high frequency brightness temperature (i.e. 37 GHz). Indeed, emission at this frequency is only slightly affected by soil moisture variations, and is strongly correlated to surface temperature. The fourth parameter used in this study is therefore:
-the normalized temperature (T n ), which is in this case given as the ratio between T b at low frequency (e.g. 6.8 GHz) and T b at 37 GHz
The physical temperature of surface (T s , in K) was approximated from the vertical component of brightness temperature at 37 GHz, by using the following experimental relationship, which was empirically derived on the basis of experimental datasets:
T s = 0.75xT bv (37) + 87.13
Examples of similar approaches can be found in literature [e.g. Owe and Van de Griend, 2001] , based on the assumption that the emissivity at Ka band is rather constant and does not depend on the kind of surface. Both experimental data collected on agricultural crops and model simulations pointed out a good sensitivity of the Polarization Index (PI) at 10 GHz to vegetation biomass (plant water content, PWC, in kg/m 2 ) according to the following equation [Paloscia and Pampaloni, 1988] :
where PI (0) is the PI of bare soil, usually between 0.05 and 0.07, and a is a coefficient taking into account the crop type and the observation angle [Paloscia and Pampaloni, 1988; Paloscia and Pampaloni, 1992] .
Assuming appropriate values for PI(0) and a, a general regression line, which best fits experimental data of PI at 10 GHz and PWC, obtained on agricultural fields, was retrieved, with a determination coefficient (R 2 ) = 0.76:
By using this relationship, which in this case is valid for PWC > 0 only, realistic SMC maps were obtained in summer and winter on a global scale [Santi et al., 2005] . It has been generally observed that PI is high on smooth soil (maximum on deserts) and decreases on vegetation-covered areas being close to zero on dense forests. The marked shift of PI toward low values from January to July in temperate areas corresponds to the development of vegetation in summer. On the contrary, the situation remains almost the same on deserts, which contribute the highest values of PI [Santi et al., 2005] . On the other hand, the Frequency Index (FI, in K) obtained from the difference between T b at 19 GHz and 37 GHz was related to the snow depth (SD, in cm) by the following logarithmic equation (R 2 = 0.78) [Santi et al., 2005] :
The potential of this parameter in detecting snow-covered areas is clearly demonstrated by Figure 1 , which represents a portion of Europe and Africa in winter and summer. Here, snow is indicated by dark red areas and it is clearly evident in Scandinavian and in the Alps (North Italy, Austria, and Switzerland).
Multi-temporal analysis
The sensitivity of multi-frequency microwave parameters to land surface features was further investigated by means of multi-temporal data collected on four sites with different sur-face and climatic conditions. These sites have already been examined in the past by using SSM/I and WindScat data (Macelloni et al 2003 , Santi et al. 2005 . The characteristics of the four test sites taken into consideration for this study are summarized below: -the Tundra in Northern Norway is an area without high vegetation (trees) and characterized by the presence of snow in fall-winter and short vegetation in late spring-summer. The annual average rainfall is around 500 mm (Lat 67.37°N, Lon 26.60°E); -Po Valley (Northern Italy), is an agricultural area characterized by warm summers, relatively cold winters, and precipitation concentrated in autumn. The annual average rainfall is around 800 mm (Lat 45.38°N, Lon 10.80°E); -the Needle-leaved deciduous forest of Larix gmelini (Jiagedaqi) in China, characterized by cold winter with snowfalls. The annual average rainfall is around 500 mm (Lat 49.17°N, Lon 125.20°E); -the Gobi desert, a mid-latitude, sandy/stony desert, with a moderate development of vegetation in summer and some snow in winter. The annual average rainfall is around 150 mm (Lat 43.65°N, Lon 112.0°E). All land features and meteorological characteristics were derived from cartography, Ecoclimap database, (http://www. cnrm.meteo.fr/gmme/PROJETS/ECOCLIMAP/page_ecocli-map.htm), and from meteorological stations located close to the sites. A very useful tool for obtaining meteorological information for the selected areas was the "weather underground" web site (www.wunderground.com), whose large archive provided the meteorological data from past years. Additional ground measurements of snow depth for the Tundra test site were derived from the Russian Weather Server (http://meteo.infospace.ru). As a first step, ground information was used for evaluating the homogeneity of the areas and separating land types and soil characteristics. The size of the studied sites was a compromise between the number of measurements necessary for a statistical analysis and the attempt of maintaining the homogeneity of the site. The dimensions of the areas were selected in order to include at least 100 pixels. The standard deviation of the collected brightness was less than 5 K at the highest frequency.
Sensitivity to vegetation biomass and snow cover
First of all, the temporal trends of the Polarization Index (PI) at 10 GHz and FI (19 GHz and 37GHz) measured along one year on the four sites are shown in Figures 2-5. Different datasets were assembled for drawing these figures; thus, the number of measurements is extremely variable from one month to another one. Figures 2 and 3 point out the sensitivity of PI to the seasonal cycle of vegetation and of FI to snow depth, respectively. The first case refers to the Po Valley in Northern Italy, which includes a mixture of agricultural, urban, and industrial zones. Due to the low ground resolution of the satellite sensors, each pixel in this area included an unknown percentage of agricultural fields, urban areas, roads and other structures that randomly affected microwave radiation. It should be noted that soil and vegetation conditions are closely related to each other, and have, in general, a synergetic effect on the polarization difference. When moisture content is high, soils are usually not covered by vegetation (winter conditions), and therefore the polarization difference is high. On the contrary, in summer, when vegetation is well developed and soil moisture is low, the polarization difference is small. Due to the site heterogeneity, the variation of PI between winter and summer is much lower than the variation observed between bare and fully vegetated soil in field experiments [Grody and Basist, 1996; Hallikainen and Jolma, 1992] . However, the PI values showed comparable trends, with a peak in winter indicating low vegetation cover and high values of soil moisture and generally low values in summer when vegetation is well-developed and soil is rather dry. The sensitivity of Frequency Index to snow cover is well pointed out on Tundra, were FI (19-37) shows a marked increase in winter as shown in Figure 3 . Figures 4 and 5 represent a comparison of the seasonal trends of PI and FI on the Jiagedaqi larix forest and the Gobi desert, respectively. In both cases PI detect a moderate presence of light vegetation in desert during summer, and the growth of leaves on the deciduous forest in spring-summer. FI is almost insensitive to vegetation, but clearly recognizes the presence of snow in winter, especially on the forest site.
The soil moisture results
Although the lowest frequency channel of the AMSR-E (C-band, 6.9 GHz) is not optimal for estimating this parameter, various field experiments pointed out that C-band emission too is sensitive to soil moisture changes, although to a less extent than L-Band. An example of this sensitivity is shown in Figure 6 , where the direct relationship between the brightness temperature at 6.9 GHz, normalized to the one at 37 GHz, and the monthly total rainfall (TR, in mm), measured on a portion of the Po Valley, is represented. The main problem with the global analyses is that it is very difficult to gather ground truth data at regional scale, especially in case of soil moisture. Thus, we have to use indexes based on meteorological data, related up to a certain extent to the interested parameter; as in this case, where we assumed that the monthly total rainfall can be related to the soil moisture content of the area. There is an appreciable correlation between the normalized temperature and the monthly rainfall, with a determination coefficient equal to 0.69. By considering the heterogeneity of the area (with presence of agricultural fields, urban areas, industrial settlements, highways, and so on) and the problem of the coarse ground resolution, the result can be considered encouraging.
Retrieved SMC maps
In order to generate maps of soil moisture (SMC) on a global scale, the areas covered by dense vegetation or snow cover (i.e., where the measurement of soil moisture is not pos- sible) were detected and then removed. The areas of dense vegetation were identified by a PI at 10 GHz < 0.01, and those covered by snow by FI (19-37) > 10. Also deserts, identified by very high values of PI at 10 GHz (> 0.1), were excluded, since the microwave emission is not very sensitive to so low values of SMC; on the other hand, the very high values of PI(10) tend to deceive the algorithm, leading to wrong estimate of SMC. The correction for the effects of light vegetation was performed by estimating the attenuation by means of PI at 10 GHz. The multi-frequency brightness temperatures T b are extracted from AMSR-E data obtained in HDF format by JAXA or NSIDC, and a separation between land and ocean pixels is performed [Santi et al. 2005] . The retrieval of SMC was performed using a Neural Network (NN), trained with an extended dataset generated by a first-order radiative transfer model [e.g. Paloscia and Pampaloni, 1988] , and using the back-propagation learning rule. By using the model, thousands values of T b were generated randomly varying the combination of input parameters: the single scattering albedo, the optical depth, the soil reflectivity, and the surface temperature. The values used for running the model were in the range usually found on natural surfaces. In the model, the single scattering albedo and the optical depth were considered independent of incidence angle and polarization. The selected NN was a feed-forward multi-layer perceptron (MLP), with three hidden layers of neurons (5, 10 and 5) between the input and output. Inputs of the net were the T b at 6.8 GHz in H polarization, normalized by the T s obtained from Eq [1] , and the PI at 10 GHz. The latter information is used by the NN, through the training with the radiative transfer model, to assign the correct value of SMC in presence of different vegetation biomass amount. It should be noted that the relatively low value of the determination coefficient is due, at least in part, to the small dimensions of the test site compared with the AMSR-E footprint. An example of global maps of soil moisture obtained with this algorithm is represented in Figure 8 , which shows part of Europe and Africa at two dates in winter and summer. The maps show a marked increase of moisture from summer to winter.
Summary
Multi-temporal data from the Advanced Multifrequency Scanning Radiometer (AMSR-E) have shown a significant ability in monitoring land surface features in the limits of the spatial resolution offered by this sensor. The Polarization Index (PI) at 10 GHz was confirmed to be a very suitable index for detecting the growth of vegetation biomass, even on a global scale. The Frequency Index (FI) at 19 and 37 GHz is instead more sensitive to snow cover. A Neural Network based algorithm, which estimates soil moisture from the brightness tem- perature at 6.8 GHz (C-band) by correcting for vegetation effects with the Polarization Index at 10 GHz, has been validated on the agricultural area of SMEX02 and used to generate global maps of soil moisture which were found to be in reasonable agreement with climatic conditions of the areas and the season of measurements. 
